The enterobacterium Klebsiella oxytoca strain BAS-10 was isolated from sediments under an iron mat formed in a stream receiving leached waters from pyrite mine tailings. Under anaerobic laboratory conditions, BAS-10 fermented Fe(III)-citrate and Na-citrate giving CH 3 COOH and CO 2 . In the presence of ferric citrate, BAS-10 secreted quantities of a thick gel containing glucose and/or mannose, if not other sugars. Sugar residues were observed in microbial aggregates using the sugar-specific concanavalin A lectin conjugated with fluorescein and imaged by a scanning confocal laser microscope. The gel bound Fe(III) which quickly precipitated. During fermentation, however, half the initial Fe(III) concentration was reduced to Fe(II) which did not bind to the gel and remained in solution. BAS-10 showed a high tolerance to heavy metals. Its growth was not inhibited by 1 mM Zn-, Pb-or Cd-acetate. These cations also co-precipitated with the iron gel, suggesting a possible application of this strain for abatement of toxic metals under anaerobic conditions. ß
Introduction
Microorganisms catalyze oxidation of Fe(II) in acidic and near-neutral solutions to produce iron hydroxides. It is well-established that iron-oxidizing microorganisms such as Thiobacillus ferrooxidans, Gallionella sp. and Leptotrix sp. oxidize dissolved ferrous iron enzymatically in mining areas [1] . The reverse biological process of Fe(III) reduction to Fe(II) has never been reported in acidic mining wastes. This process is generally very important from the ecological point of view since Fe(II) is recycled, to the bene¢t of chemolithotrophic iron-oxidizing bacteria.
A strain of Klebsiella oxytoca was recently isolated in a mining environment. This enterobacter ferments ferric citrate [2] . Several species of enterobacteria ferment citrate as carbon and energy source. Under aerobic conditions, bacterial growth on this compound depends on an appropriate transport system and a functional tricarboxylic acid cycle [3] . During anaerobiosis, when 2-oxoglutarate dehydrogenase is repressed, species such as Klebsiella pneumoniae and Salmonella typhimurium grow on citrate by a Na -dependent pathway, forming acetate and CO 2 as ¢nal metabolites [3, 4] . The genes speci¢c for citrate fermentation in K. pneumoniae form a cluster, consisting of two divergently transcribed groups (citCDEFG and ciS-oadG-AB-citAB) on the chromosome. Each group forms an operon [5] . Na is vital for degradation of citrate to pyruvate by citrate lyase and oxaloacetate decarboxylase. Oxaloacetate decarboxylase also acts as a Na pump, forming a Na gradient which drives citrate uptake [3, 4] . Physiological studies on K. oxytoca growing on sodium citrate by fermentative metabolism have not been reported, although the fermentation pathway is probably similar to that of the well-studied species K. pneumoniae, and other Enterobacteriaceae. Moreover K. oxytoca strain BAS-10 di¡ers from other Klebsiella sp. and other citratefermenting bacteria by virtue of the fact that it thrives on high concentrations of ferric citrate and produces a thick iron gel. We aimed to elucidate the e¡ect of Fe(III) on citrate fermentation and on the sequestering activity of a ferric precipitate in removing heavy metals from the water column.
Materials and methods

Isolation and culture conditions
K. oxytoca strain BAS-10 was isolated from the surface of a decomposing tree leaf, buried under 3 cm of ferric iron mat. The mat was formed by pyrite oxidation promoted by more than 100 years of leaching of Fe(III) from tailings of the Boccheggiano pyrite mines (Southern Tuscany, Italy) by the chemolithotroph species T. ferrooxidans [6] , and other ferric-oxidizing species as it has been observed elsewhere [1] . The mat sequesters Zn, Pb, and Cd present in water due to continuous bioleaching of pyrite and associated mixed sul¢des [7] .
Strain BAS-10 of K. oxytoca was initially identi¢ed at the species level by API 20 Enterotube (La Roche). This classi¢cation was con¢rmed by 16S rRNA sequence [2] . This Gram-negative strain was isolated from an anaerobic mixed culture also containing a Gram-positive strain [2] . The mixed culture and BAS-10 were isolated and cultured on the same basic medium, containing per liter: 2.5 g NaHCO 3 , 1.5 g NH 4 Cl, 0.6 g NaH 2 PO 4 , 0.1 g KCl, 10 ml`vitamin mix' and 10 ml of`mineral mix' [8] , with 50 mM ferric citrate (hereafter referred as FeC medium) at pH 7.3 or 50 mM Na-citrate (hereafter referred as NaC medium) at pH 7.4. Citrates were consumed as energy and carbon sources.
BAS-10 was grown anaerobically in 50 ml medium previously boiled for 5 min to degas O 2 . The medium was cooled to room temperature under N 2 £ux. Sealed vials were steam heat-sterilized. The inoculum was 1:50 (3.1 þ 0.2 mg protein ml 31 ). Twelve vials were prepared for six determinations in duplicate. The measure of all parameters was performed in one vial at a time.
The cells were stained with £uorescein. BAS-10 growth was followed for 9 days by counting the number of cells by an epi£uorescence microscope. The sample was shaken for 5 min in order to have a homogeneous number of cells free in the medium, even after iron gel formation. Total protein determination was performed by the Bradford method [9] .
Determination of total iron and Fe(II) in cultures
A 3-ml aliquot of BAS-10 culture was collected at di¡er-ent times from inoculated vials with uninoculated vials as controls. Total iron and Fe(II) determinations were performed in all samples in shaken and static modes. The two iron species were determined in supernatant after iron precipitation and in iron gel resuspended by shaking. The total iron was determined as total Fe(II) by reducing Fe(III) residues to Fe(II) with hydroxylamine by the o-phenanthroline colorimetric method [10] . To determine the biologically reduced Fe(II), this species was also determined without hydroxylamine addition [10] . The red-colored solution was read with an UV-visible spectrophotometer (Shimadzu UV-160) at 510 nm.
Determination of CO 2 in the head space
Gaseous CO 2 in the head space of cultures grown on FeC and NaC media in sealed vials was determined after 1 week of anaerobic incubation at 28³C. A Fourier transform interferometer (Nicolet 20 SXB) equipped with a gas chromatography (GC)/Fourier transform infrared spectroscopy optical bench accessory was used [11] . Gas (1 ml) was collected with a gas-sampling syringe (Supelco) and injected into the GC port. CO 2 pressure in the vial head space was determined by a gas pressure gauge.
Citrate and acetate determination
Aliquots (1 ml) of samples collected at di¡erent times were centrifuged and the supernatants acidi¢ed by adding 1 ml 1 N HCl. Citrate and acetate were determined by high performance liquid chromatography (HPLC) (Shimadzu SPD-6A equipped with Supelco Spherisorb Octyl column 250 mmU4.6 mm, i.d. 5 Wm) in line with an UV spectrophotometer. The mobile phase was 0.2 M H 3 PO 4 . Na-acetate and Na-citrate standard solutions were used for calibration. Peak areas were recorded by integrator (Chromopak, mod. C-R3A). The coe¤cients of variation of ¢ve replicate samples were 5.3% for citrate and 6.2% for acetate.
Confocal microscope (SCLM)
The fresh iron gel specimen was incubated for 5 min with 100 Wl Tris-bu¡ered (pH 7.0) £uorescein isothiocyanate (FITC) solution and observed without further treatment. It was than checked for sugars in the exopolymer using the lectin concanavalin A conjugated with FITC (ConA^FITC, Sigma). This lectin is speci¢c for glucose and/or mannose determination. Plant lectins are useful for investigating surface polysaccharide production [12] . The pattern of £uorescence was imaged by a scanning confocal laser microscope (SCLM mod. MRC-500; BioRad Microscience Division) in light transmission and £uo-rescence modes. Three-dimensional images were obtained by a known procedure [13] .
Metal determination
Cd-, Pb-and Zn-acetate concentrations of 0.1 mM and 1 mM were amended in FeC medium before inoculating (1:50). BAS-10 thrived at high metal concentrations. Metals were analyzed by acidifying 1 ml sample with 1 ml of concentrated HNO 3 (6 M) and heating for 3 h at 60³C in sealed glass vials. Metals were determined in triplicate samples by Flame Atomic Absorption Spectrophotometry (Perkin Elmer, mod. 300S) in all culture suspensions, the respective supernatants and ¢ltered solutions after 6 days of incubation. The coe¤cients of variation of ¢ve replicate analyses were 5.6% for Cd, 7.8% for Pb and 4.1% for Zn.
Results and discussion
This is the ¢rst report of K. oxytoca strain BAS-10 growing anaerobically on Fe(III)-citrate. During anaerobic growth, citrate as sodium citrate was completely fermented in 3 days and as ferric citrate in 6 days. Under aerobic conditions no acetic acid was formed because citrate was consumed in the TCA cycle.
Under anaerobic conditions, pH decreased (Fig. 1B ) from 7.4 to 6.45 þ 0.08 in NaC medium and from 7.3 to 6.2 þ 0.05 in FeC medium due to greater acetic acid formation (2.5 mol per mol of citrate) (Fig. 1A) . A high pressure (1.8 atm) developed in the head space of vials with inoculated NaC medium due to CO 2 formation. Lower CO 2 pressure was found in FeC medium which was compensated by a higher concentration of acetic acid. The strain ¢nally produced in NaC medium 2 mol of acetic acid per mol of citrate (Fig. 1A) .
BAS-10 growth was followed for 9 days. The doubling time of BAS-10 growth was 2.01 days on NaC medium and 2.11 days on FeC medium.
After 3 days during ferric citrate fermentation, Fe(III) was reduced to Fe(II) (Fig. 2) , and a thick red^brown gel (Fig. 3A) started appearing at the vial bottom only with FeC medium. Other metal citrates (Na , K , Ca 2 , Al 3 ) were tested but no gel was formed. After 6 days of incubation all iron in solution was Fe(II) and was half the initial quantity of ferric citrate. The other half was still Fe(III) and found in the gel, also indicated by the characteristic red^brown color.
The precipitate was amorphous to X-ray di¡ractometry analysis. BAS-10 grown anaerobically on agar (Fig. 3B) was coated with iron which gave the colony a hard consistency.
After 6 days of incubation, cell aggregates measured 507 0 Wm, as observed by SCLM in light transmission mode (Fig. 3C) . Cell aggregation in liquid and solid media was due to exudation of large quantities of a polymer induced by fermentation of ferric citrate. The presence of glucose and/or mannose was revealed in the polymer of several specimens by using ConA^FITC staining in £uorescence mode with SCLM (Fig. 3D) . The aggregate consisted of bound ferric(III) ion, very likely as hydrated form [14] . Observations of a detail from the microbial aggregate (Fig. 3F) showed huge secretion of the polymer by cells at the envelope level.
This polymer has the property of binding Fe(III), as shown by the rusty color of the precipitate, but not Fe(II), which remains in solution. This is consistent with the polysaccharide nature of the polymer, as it is well known that Fe(III) binds strongly to oxygen donors ofÔ H moieties of sugars [14, 15] . Natural deprotonation of sugars [14] could be another cause of lower pH in FeC medium. The iron gel is resistant to acid treatment, remaining aggregated even when digested with 6 M HNO 3 at 60³C for 1 h, whereas the aggregate dissolved in 24 h in 50 mM EDTA. This indicates that EDTA is a stronger iron(III) complexing agent than the polymer. When the iron gel was ¢ltered (0.8 Wm), stained with £uorescein and gently air-dried at 40³C (Fig. 3G) , a dendritic structure was observed. This feature is important because the iron gel is also stable under aerobic conditions at a moderately high temperature, and reduces in volume when less hydrated.
The peculiar sequestering activity of the iron gel was investigated to see whether other toxic metals co-precipitated when high concentrations (0.1 mM and 1.0 mM) of Cd-, Pb-and Zn-acetate were added. BAS-10 was very resistant to these toxic metals, which co-precipitated in the following order: Pb s Cd s Zn (Table 1) . Pb 2 was almost entirely co-precipitated, whereas in the case of Zn 2 , around 20% remained in the supernatant. The production of polymer is not linked to metal resistance in this strains, because the iron gel is produced in the late exponential phase of growth. However further studies are needed to con¢rm the mechanism of the various metal resistances in strain BAS-10. Studies are underway to demonstrate the existence of a Fe 2 /antiproton pump and other cation/antiproton pumps, as reported in Alcaligenes eutrophus [16, 17] .
Microbial tolerance to toxic metals is commonly mediated by exopolysaccharides, but it was rarely reported that metals induce polysaccharide biosynthesis [18] . One of the few examples is reported by Aislabie and Loutit [19] , where Cr(III) stimulated polysaccharide production in a mucoid coryneform strain L11, inducing chromium tolerance. In this study we found that the polymer substance with a glycoside component binds Fe(III) but not Fe(II). Polymer may enable the microbe to compete environmentally with other iron-requiring microorganisms in mining environments.
The gel formed only in the presence of ferric citrate and not with other metal citrates, as for example: Na , K , Ca 2 , Al 3 . Fungi [20] and plants [21] are common sources of citrate in the environment. This tricarboxylic acid is a quite common ligand for metals in leaves of plants growing near metal-polluted sites in the xylem sap moving from roots to leaves.
K. oxytoca and iron-oxidizing bacteria are interdependent in this environment. Indeed, both have iron-based metabolism but in a complementary manner: iron-oxidizing bacteria transform Fe(II) to Fe(III), whereas K. oxytoca reduces Fe(III) to Fe(II). The coupling of aerobic and anaerobic microorganisms cycles this nutrient e¤ciently. In recycling Fe(II) as an electron donor, BAS-10 may, for instance, support T. ferrooxidans growth even far from mining sites. K. oxytoca may be responsible for iron mat formation in the anaerobic zone in concert with iron-oxidizing bacteria which produce the stalk and sheath [1] . The iron mat in this mining area is certainly a natural barrier for metals leached from pyrite and mixed sul¢de ores [7] .
Under laboratory conditions, the polymer secreted by BAS-10 binds Pb(II) e¤ciently and to a lesser degree Cd(II) and Zn(II) but not Fe(II). Metal co-precipitation occurring in the iron gel indicates that BAS-10 reduces metal mobility. Metal sequestration is an important process for removing heavy metals from mining and industrial wastes [22, 23] . When iron gel was formed, di¡erent samples were analyzed in triplicates after 6 days of incubation of BAS-10 strain at 28³C. Cd, Pb and Zn in the form of acetate were added at 0.1 mM and 1.0 mM to FeC medium and determined by £ame AAS. All values are means þ standard deviations.
